Summary.-During diethylnitrosamine (DEN) administration, a distinctive difference was observed between rats and guinea-pigs in the sequence of ultrastructural changes in the hepatic endoplasmic reticulum (ER). In DEN-induced hepatic tumour cells in the guinea-pig there was extensive proliferation of the rough ER, while the smooth ER was quite sparse; in the premalignant liver the opposite was noted. This is in contrast to the rat, in which administration of either DEN or 3'-methyl-4-dimethylaminoazobenzene (3'-Me-DAB) brings about, in both premalignant and malignant hepatic tissue, proliferation of the smooth ER and sparsity of the rough ER. Yet, as in the rat, the number of ribosomes on the outer surface of the guinea-pig liver rough ER is greatly reduced and this is paralleled by a 49% decrease of the RNA/protein ratio as early as 4 weeks of nitrosamine administration. The decrease of RNA/protein ratio and ultrastructurally observed loss of ribosomes from the ER, following nitrosamine administration, correlate with a decrease of photometric response of microsomal suspensions to the sulphydryl probe, p-chloromercuribenzoate. While azo-dye-reductase activity is higher in untreated rats than in untreated guinea-pigs, feeding 3'-Me-DAB for 6 weeks brings about a 76% decrease in the rat, but no significant decrease in the guinea-pig, which is refractory to azo-dye carcinogenesis. Thus, the ability of the liver to inactivate the dye is greatly decreased in the rat, but not in the guinea-pig, as administration progresses toward the threshold dose for tumorigenesis. On the other hand, constitutive levels of nitrosamine dealkylase are identical in the 2 species and remain essentially unchanged following administration of DEN for 10 weeks. Inasmuch as nitrosamine dealkylation represents activating metabolism, this provides a rationale for the comparable susceptibility of the rat and guinea-pig to DEN carcinogenesis. Of the 2 enzymes in the 2 species, it is only azo-dye reductase in the guinea-pig which appears to be unregulated by glucose repression, since starvation brings about no change in this activity. Starvation-induced increase of azo-dye reductase in the rat is not influenced by administration of 3'-Me-DAB and only slightly by DEN. The starvation-induced increase of nitrosamine dealkylation is abolished, however, in both species by administration of DEN but only slightly decreased by 3'-Me-DAB.
stration of a 0.06% dietary level of 2-Me-DAB (an isomer of 3'-Me-DAB, inactive or marginally active in nonoperated rats) brings about an 80% tumour incidence when combined with partial hepatectomy (Warwick, 1967) . In contrast to aminoazo dyes, rats and guinea-pigs show similarly high susceptibility to nitrosamine carcinogens, in particular diethylnitrosamine (DEN) [compare Hoch-Ligeti, 1961, 1963] .
The refractoriness of the guinea-pig to the carcinogenic action of amine-type carcinogens, such as the azo dyes and aromatic amines, has been attributed by some investigators to the limited ability of this species to convert these agents to their N-hydroxy derivatives. Miller, Miller and Enomoto (1964) have shown that in the guinea-pig the N-hydroxy derivative of 2-acetylaminofluorene (AAF) induces adenocarcinomas of the small intestine (upon feeding) and sarcomas (upon injection) whereas AAF is inactive under these conditions. The carcinogenicity of Nhydroxy derivatives of aminoazo dyes in the guinea-pig does not appear to have been tested. However, the relative inability of the guinea-pig to N-hydroxylate, as a basis for its refractoriness to amine and azo-dye carcinogenesis, is not universally accepted (e.g., Uehleke, 1969a,b) . In fact, Kiese and Wiedemann (1968) attributed this refractoriness to the very rapid elimination of N-hydroxy derivatives from guinea-pig tissues. Moreover, many tissues, including the mucosa of the urinary bladder (which is not usually a target of the carcinogenic action of AAF in rats) have the ability to N-hydroxylate (Uehleke, 1969b) . In the guinea-pig, the liver is refractory even when the Nhydroxy derivative of AAF is fed (Miller et al., 1964) . The view that this may be attributable to the guinea-pig's very low hepatic sulphotransferase activity (Miller and Miller, 1969) appears to be in contradiction with the finding that the mammary gland and the sebaceous gland of the external auditory canal of the rat, tissues highly susceptible to carcinogenesis by AAF and its N-hydroxy derivative, are devoid of sulphotransferase activity (Irving, Janss and Russell, 1971) regarded to be the ultimate metabolic activation step of amine-type carcinogens.
In view of these observations, it is possible that the differential susceptibility of the rat and guinea-pig to the carcinogenic action of amine-type carcinogens is determined to a large extent by metabolic pathways leading to inactive products and competing with N-hydroxylation. For aminoazo dyes, such a pathway of detoxification par excellence is the microsomal mixed-function oxidase, azo reductase, splitting the molecule into inactive halves. For dialkylnitrosamine carcinogens such pathway(s) leading to inactive products appear to be unknown, since the only clearly identified metabolic step of these compounds is a monodealkylation, yielding the respective aldehyde (e.g., whereas the remainder of the molecule gives rise non enzymatically to the ultimate carcinogen, carbonium ion (e.g., Magee et al., 1975 (Arcos, Argus and Wolfe, 1968) or these diets into which 3'-Me-DAB was incorporated at the level of 0.06%. Regarding the choice of the nitrosamine u3ed in this study, both dimethylnitrosamine (DMN) and diethylnitrosamine (DEN) have been shown to be hepatic carcinogens in the guinea-pig (LePage and Christie, 1969; Argus and Hoch-Ligeti, 1963) . However, the choice of the nitrosamine was restricted by the fact that despite the considerable similarities between the dealkylation reactions of dialkylnitrosamines (Phillips et al., 1975; Weekes and Brusick, 1975; Bartsch, Malaveille and Montesano, 1975; Arcos et al., 1976 ) the 48h acute toxicity of DMN was found to be over 5 x that of DEN in the guinea-pig (DMN LD50: 126 + 39 mg/kg and DEN LD50: 692 + 46 mg/kg, with fiducial limits set at 95% probability). On the other hand, the acute toxicity of DEN is similar in the rat and the guinea-pig and could, therefore, be administered to the two species at similar maximal levels (per kg body weight) tolerated chronically. Thus, in the present study DEN was administered to both guinea-pigs and rats in the drinking water:
0-023 ml DEN/l for rats and 0-042 ml DEN/I for guinea-pigs. The average daily intake of DEN was 0-65 mg/rat and 1-2 mg/guinea-pig. Guinea-pigs receiving DEN were fed rabbit chow and were given the ascorbic acid supplement by stomach tube, at the level of 100 mg 3 x weekly. Rats receiving DEN were maintained on laboratory chow. The two carcinogens were administered up to the respective lengths of time necessary to reach a cumulative dose for a defined onset of tumorigenesis (in terms of a 10 to 50% tumour incidence) in the susceptible species. Thus, 3'-Me-DAB was fed for 6 weeks to both species, a period of administration selected on the basis of a 3'-Me-DAB tumourigenesis dose-response curve established in the rat (Arcos, Griffith and Cunningham, 1960) , the susceptible species. Moreover, in the guinea-pig, refractory to azo-dye carcinogenesis, the dietary level of the dye was doubled in order to maximize any possible effect on the biochemical parameters studied. DEN was administered to both species for 10 weeks, a length of time selected on the basis of a DEN tumorigenesis dose-response curve in the guinea-pig (Arcos, Argus and Mathison, 1969) the only nitrosamine for which a doseresponse curve has been determined in this species. Moreover, the DEN dose response of rat and guinea-pig appears to be similar. In rats (average initial weight 92 g) receiving an average dose of 0-55 mg 5 x weekly, the first tumour appeared at 22 weeks (Argus and Hoch-Ligeti, 1961) whereas in guinea-pigs (average initial weight 255 g) receiving an average daily dose of 1-78 mg, the first tumour appeared at 16 weeks (Argus and Hoch-Ligeti, 1963 Mixed-function oxida8e determinations.-An average Ig sample of liver was used for the azo-dye-reductase assay; from the remainder of the liver, the microsomes were isolated for the DMN-demethylase assay. Azo-reductase activity was determined (in triplicate) using a 10% homogenate in 0-88M sucrose, following Chauveau and Decloitre (1968) with 3'-Me-DAB or 2-Me-DAB as substrate, and using the corresponding reference curve. Incubation was for 30 min. Activity is expressed as nmol azo dye reduced/g liver/min.
Using DMN-demethylase activity as a measure of nitrosamine dealkylation, 4-7 individual values were averaged. The isolation of microsomes, dealkylation reaction and the determination of HCHO by the Nash reaction were as previously described (Venkatesan, Argus, 1968, 1970b) except that in the present study the final volumes of the dealkylase medium and of all components were halved. Microsomal protein was determined following Lowry et al. (1951) and RNA following Schneider (1957) pension and homogenization in 0-25M sucrose containing no ethylenediaminetetraacetate, and recentrifuged for 60 min. The final pellet was resuspended in 0-25M sucrose so that 1 ml contained the microsomes from 2 g of tissue. This standard stock suspension was kept in ice and used within 20 min. The assay system, adapted from Robinson (1967) consisted of appropriate aliquots of microsomal stock suspension added to 50 mM Tris-HlI (pH 7.3) plus 0 05 ml 3mM ATP or ADP or 0 05 ml water (final volume 1V05 ml), so that the initial absorbance was between 0-290 and 0-310. Absorbance decrease was recorded against a Tris-HCl blank at 10, 20, 30 and 45 min at 2500. At 45 min 0 05 ml (O1mM) p-chloromercuribenzoate (p-CMB) was added to each cuvette and the absorbance read immediately and at 50, 60, 65 and 70 min. To insure homogeneity of the suspensions, the cuvettes were always tilted before reading. A set of duplicate cuvettes was carried through the assay, adding 0 05 ml water at 45 min so that a dilution factor for the addition of p-CMB could be determined. The percentage microsomal absorbance change in the two phases of the assay was calculated by relating the absorbances at the time intervals to the respective initial values. When the effect of carcinogen administration on p-CMB-induced absorbance decrease was studied, 6 control determinations and 3 determinations with DEN-or 3 '-Me-DABadministered guinea-pigs were carried out.
RESULTS

DEN-induced ultrastructural alterations in guinea-pig liver
The fine structure of the control guinea-pig hepatocytes (Fig. 1) is essentially similar to that of the rat hepatocytes previously described by Bruni and Porter (1965 (Fig. 4) Interruptions in the nuclear envelope were observed (Fig. 5) . Lipid droplets and lysosomes were abundant in some cells. Change in mixed-function oxidase levels During the period of administration of 3'-Me-DAB and DEN to rats and guinea-pigs, the amount of microsomal protein/g tissue underwent considerable variations. Following a 6-week administration of 3'-Me-DAB the amount of microsomal protein/g tissue was decreased by 17% (P < 0.01) in the rat, but increased by 34.6% (P < 0.01) in the guinea-pig. However, following a 10-week administration of DEN this parameter was changed in the opposite way; there was a 15% increase of microsomal protein in the rat (0.01 > P > 0 001) and a 12.4% decrease in the guinea-pig (0.05 > P Table I shows that the level of azo-dyereductase activity is higher in control rats than in control guinea-pigs, which is unexpected, since the guinea-pig is totally resistant to azo-dye carcinogenesis (Gosch et al., 1970) . However, feeding 3'-Me-DAB to both species produced a 76% decrease in reductase activity in the rat, but only a nonsignificant 32% decrease in the guineapig. DEN administration left reductase activity essentially unchanged in the guinea-pig, but increased activity by 40.8% in the rat. Table I , since enzyme activities were essentially the same when 2-Me-DAB was used.
Figs. 6 and 7 present the effect of 24 h starvation on azo-dye-reductase and nitrosamine-dealkylase activities. Starvation, by way of the release of carbohydrate repression of enzyme synthesis (Peraino and Pitot, 1964; Tschudy et al., 1964; Young, Shrago and Lardy, 1964 ) is known to bring about in the rat a substantial increase in the level of azo-dye reduction (Jervell, Christoffersen and Morland, 1965) and DMN dealkylation (Venkatesan, Arcos and Argus, 1 970a). Fig. 6 shows that in the rat chronic administration of neither 3'-Me-DAB nor DEN appreciably influences the extent of starvation-induced increase of the reductase. The significance of the difference between the starved and non-starved values is 0 01 > P > 0*001 or better in the 4 instances. On the other hand, in the guinea-pig, the starvation-induced increase of the reductase is totally absent in the control as well as in 3'-Me-DAB-or DEN-administered animals. Fig. 7 shows that the starvationinduced increase of nitrosamine dealkylase in the rat is not affected by chronic administration of 3'-Me-DAB, but is essentially suppressed by DEN administration. The significance of the difference between the starved and non-starved values in both control and 3'-Me-DAB-fed rats is 0 01 > P > 0 001 or better, and for the DEN-fed rats is 0.20 > P > 0410. However, in the guinea-pig (unlike the absence of starvation effect on azo-dve reductase seen in Fig. 6) Fig. 7 shows that nitrosamine dealkylase is induced 65% by starvation, and that this increase is reduced to 310o by 3'-Me-DAB administration. The significance of the difference between starved and non-starved values in control and 3'-Me-DAB-fed animals is 0 05 > P > 0 02 and 0-02 > P > 0.01, respectively. Administration of DEN abolished the starvation-induced dealkylase increase also in the guinea-pig, since the slight increase is not significant (P 0-10) . ER membrane alteration
The combined effect of nucleotides and of the sulphydryl reactor, p-CMB, on absorbance change in guinea-pig liver microsomes is shown in Fig. 8 3) ; the nucleotides when present were at the level of 150 nmol. p-CMB was added at the time indicated as a 0 05 ml aliquot of a 0 1mM solution. Parallel control cuvettes, to which 0 05 ml water was added at 45 min, were carried through the assay for determining the dilution factor due to p-CMB addition.
decrease of absorbance (Table II) . Although the presence of the nucleotides decreased the extent of the absorbance drop, the effect of DEN administration remained significant. Interestingly, feeding DEN for 1 to 15 weeks did not affect the microsomal absorbance change recorded prior to p-CMB addition. The microsomal absorbance change observed under these different conditions remained unaltered after feeding 3 '-Me-DAB for 15 weeks.
DISCUSSION
Ultrastructural modifications
In DEN-induced hepatic tumour cells in the guinea-pig the RER was found to have undergone extensive proliferation, forming a network of cisternae, rather than occurring in stacked form or in isolated and fragmented form; the SER is, however, quite sparse in these tumour cells. This is in contrast with DENinduced liver tumours in the rat, in which increase of the SER and fragmentation and disaggregation of the RER were observed (Svoboda and Higginson, 1968) .
It is striking that in the guinea-pig the decrease of SER and proliferation of RER in the tumour cells is preceded by an increase of the SER and decrease and fragmentation of the RER in the hepatocytes of premalignant liver. If the distribution of mixed-function oxidases in hepatic ER is similar in the rat and 4-1 ± 0-2 3-1 ± 0-3 1-4 i 0-2 1-5 ± 0-2 0-6 ± 0 4 Significance of difference P -0 05 P < 0-001 0-10 > P> 0-05 * 1-05 ml 50mM Tris-HCl (pH 7-3) containing no nucleotide or 150 nmol ADP or ATP. At 45 min (see Fig.   8 ) 0 05 ml 0-1mM p-CMB was added, and the absorbance change recorded immediately and at intervals up to 70 min; the same volume of water was added to control cuvettes carried through the assay for determining the dilution factor due to p-CMB addition. (Brouwers and Emmelot, 1960) . The opposite responses of rats and guinea-pigs to administation of 3'-Me-DAB or DEN in terms of microsomal protein/g tissue (vide "Change in mixedfunction oxidase levels" above) may be due to a differential effect of the two carcinogens on the relative proliferative rates of the SER and RER.
The mitochondrial changes noted, reflecting disturbances of mitochondrial function, have also been observed in hepatocellular carcinomas by others (Svoboda, 1964; Ma and Webber, 1966) . Arcos et al. (1969) reported that administration of the minimum effective tumour dose of DEN brings about dramatic changes in the swelling response of guinea-pig liver mitochondria; no changes are seen following administration of 3'-Me-DAB (Arcos et al., 1961) .
Mixed-function-oxidase activities
Administration of carcinogens, including aminoazo dyes and nitrosamines, is well known to lower, by varying degrees, different hepatic mixed-function-oxidase activities in the rat (e.g., Baldwin and Barker, 1965; Smuckler, et al., 1967; Ketterer, et al, 1968; Stevenson and Greenwood, 1968; Friedman, et al., 1976) . Azo-dye reductase, which brings about the reductive cleavage of aminoazo dyes into inactive halves, may be regarded as a detoxifying enzyme par excellence; therefore, the reductase level maintained in the tissue during dye administration appears to represent a rate-limiting factor of carcinogenesis. The present results show that while azo-dye-reductase activity is higher in untreated rats than in untreated guina-pigs, feeding 3'-Me-DAB until the critical dose is reached brings about considerable decrease of enzyme activity in the rat, but no significant decrease in the guinea-pig. This indicates that the ability of the liver to inactivate the dye gradually decreases in the rat but not in the guinea-pig as intake progresses toward the threshold dose for tumorigenesis.
Nitrosamine dealkylation is regarded as the single activating step of dialkylnitrosamine carcinogens (e.g., Magee et al., 1975) . Hence, it appears significant that the nitrosamine-dealkylase levels remained unimpaired in both species following administration of DEN up to the threshold dose for carcinogenesis. It is noteworthy that the dealkylase levels were identical in untreated animals of the two species, consistent with the virtually identical susceptibility of the rat and guinea-pig to DEN carcinogenesis (compare Hoch-Ligeti, 1961, 1963) . Detoxifying pathway(s) of nitrosamine metabolism comparable in role to azo-dye reductase are not known.
Interestingly, of the two mixed-function oxidases in the two species only azo-dye reductase in the guinea-pig is unresponsive to glucose repression, since starvation brings about no change in its activity (Fig. 6) . Azo-dye reductase in the rat (Fig. 6) as well as nitrosamine dealkylase in both the rat and guinea-pig (Fig. 7) are, on the other hand, substantially induced by starvation. It is possible that the lack of glucose repression of the reductase in the guinea-pig may be related to the sustained level of this enzyme during 3'-Me-DAB administration and, hence, to the resistance of this species to azo-dye carcinogenesis.
Sulphydryl-reactor-sensitive memnbrane alteration
The present results are in general agreement with the conclusion of Robinson (1967) in that ADP and ATP markedly influence the reactivity of membrane sulphydryl groups toward p-CMB and thereby the photometrically detected structural change. However, at variance with his findings, we observed that ADP, and to a lesser extent ATP, inhibited rather than potentiated the effect of p-CMB (Fig. 8) . Administration of DEN brought about a large percentage decrease of the response to p-CMB, in the absence or presence of the nucleotides (Table II) .
There is evidence that the polyribosome particles are bound to the ER via sulphydryl-disulphide interchange Rabin, 1969, 1971; Williams and Parry, 1975) and that the degranulation of the ER in acute in vitro systems by reactive metabolic intermediates of carcinogens brings about an "unmasking" of sulphydryl-disulphide interchange activity Rabin, 1969, 1971; Williams, Clark and Rabin, 1973; Williams and Parry, 1975) . The presently observed decrease of reactivity toward the -SH reactor, p-CMB, following chronic DEN administration, suggests two alternatives: (a) that during in vivo degranulation the -SH groups which arise undergo intramembrane recombination, or combination with reactive metabolic inltermediates of the carcinogens (cf. Craddock, 1964) or (b) that, with the progression of the neoplastic change, the mechanism governing the osmotic behaviour of the ER membrane becomes increasinglysegregated from the sites of sulphydryl-disulphide interchange activity. 
